Background/Aims: 2-O-methylmagnolol (MM1), a derivative of magnolol bearing one methoxy moiety, has been shown to display improved anti-tumor activity against skin cancers. In this study, we examined the anti-tumor effects of magnolol and MM1 on oral squamous cell carcinoma (OSCC). Methods: Trypane blue staining and clonogenic assays were performed to determine the cytotoxic effects of magnolol and MM1 in OSCC cells. Migration and matrigel invasion assays were carried out to examine the metastasis effects of magnolol and MM1 in OSCC cells. IL6-stimulation, Western blot, and immunohistochemistry were used to investigate the IL-6/STAT3 signaling and apoptosis. A bioluminescent mouse model of orthotopically implanted SAS cells was used to determine the anti-tumor activity of MM1 in vivo. Results: MM1 displays greater activity than magnolol on affecting the cytotoxicity, migration, and invasion of OSCC cells cultured in vitro. The improved anti-tumor activity of MM1 was shown to associate with its greater activity to inhibit STAT3 signaling and to induce apoptosis in the OSCC. In addition, we presented evidence that MM1 is effective in inhibiting the growth of orthotopic implanted OSCC cells in vivo. Conclusion: Our data indicate that MM1 displays greater anti-tumor activity than magnolol in OSCC and is an attractive agent to be further explored for its potential clinical application.
2-O-Methylmagnolol Induces

Introduction
Oral squamous cell carcinoma (OSCC) is a malignancy of lip or oral cavity that commonly displays lymph node metastasis [1, 2] . The incidence of this type of cancer is relatively high in South and Southeast Asia, including Taiwan [3] . The current treatment methods for OSCC patients include surgery, radiation therapy and chemotherapy [3] . However, the overall survival rate of treated OSCC patients remains unsatisfactory low [3] . A more effective treatment is desperately needed to improve the patient's survival.
Herbal medicine is the source of many currently available drugs [4] . Magnolia officinalis is a widely-used traditional Chinese medicine [5] . The bark of Magnolia is rich in a biphenol compound magnolol [5] . Magnolol has been displayed to induce apoptosis in the cells of many human cancers, including non-small cell lung cancer, breast cancer, bladder cancer, prostate cancer, gallbladder cancer, and colon cancer [6] [7] [8] [9] [10] [11] [12] . In addition, several studies have shown that magnolol also display anti-metastasis and anti-angiogenesis activity in ovarian, breast, and prostate cancer [13] [14] [15] Together, these studies have indicated that magnolol is a promising candidate for the derivation of more effective antitumor agents.
In an attempt to optimize the anti-inflammatory ability of magnolol, we have synthesized two methoxylated derivatives of magnolol, namely '2-Omethylmagnolol' (MM1) and 'dimethylmagnolol' (M2M) [16] . While both MM1 and M2M exhibited improved antiinflammatory activity [16] , only MM1 displayed an increased anti-tumor activity against skin cancer cells than magnolol both in vitro and in vivo [17] . This finding suggests that MM1 may also display improved anti-tumor activity against other types of cancers, and therefore may be further explored as a potential therapeutic agent for many different cancers. In this study, we examined the antitumor activity of MM1 against OSCC cells cultured in vitro and in an orthotopic mouse model in vivo.
Materials and Methods
Cell Culture SAS is a high-grade tumorigenic human tongue squamous cell carcinoma [18] . OECM1 is a nontumorigenic Taiwanese OSCC cell line. SAS and OECM1 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 0.5 mM sodium pyruvate, 1.2 g/L sodium bicarbonate, and 2.5 mM L-glutamine. Culture medium, chemical compounds, and FBS were purchased from Life Technologies (Grand Island, NY).
Compounds, antibodies and plasmids
Magnolol and 2-O-methylmagnolol (MM1) (Fig. 1A) were prepared as described by Lin et al. [16] . The purity of magnolol and MM1 was at least 99.5% as determined from HPLC analysis. Magnolol and MM1 were dissolved in dimethyl sulfoxide (DMSO) to make a stock concentration at 100 mM and stored at -20 °C before use. The 0.1% v/v DMSO was used as a vehicle control. Antibodies against phospho-STAT3 (Tyr705), STAT3, E-cadherin, vimentin, cleaved-PARP (cl-PARP, Asp214), caspase 8, caspase 9, and cleaved-caspase 3 (cl-caspase 3) were purchased from Cell Signaling (Temecula, CA, USA). The antibody against β-actin was purchased from Sigma (St. Louis, MO, USA). The plasmid pGL4.51 expressing the luciferase gene was purchased from Promega. Interleukin-6 (IL-6) was purchased from Cell Sciences (Canton, MA).
Assays for cell proliferation and clonogenic ability
Assays for viability (by staining with trypane blue), and clonogenic ability were performed as described previously [17, 19] . 
Western blotting
Western blotting was performed as described previously [18] .
Construction of luciferase-expressing SAS cells
The luciferase-expressing SAS cells were constructed by transfection of pGL4.51 plasmid DNA into SAS cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) [18] . After 24 h, the transfected SAS cells were cultured in supplemented DMEM medium containing 1 mg/ml G418 for two weeks to obtain stably transfected SAS cells (SAS-Luc).
In vitro bioluminescence imaging
Serial dilutions of SAS-Luc cells ranging from 1 × 10 5 to 2 × 10 6 cells were seeded into each well of 96-well culture plates. Luciferase assay reagent (Bright-Glo TM Luciferase Assay System; Promega) 100 μl was added to the wells immediately before bioluminescence imaging. Wells containing medium only were used to detect background fluorescence. Photon counts per second were recorded using an IVIS100 (Xenogen, Alameda, CA) imaging system [21] .
A bioluminescent mouse model for orthotopically implanted OSCC
The in vivo antitumor activity of MM1 against human OSCC was studied using male nude mice, BALB/c nu/nu (supplied by the National Laboratory Animal Center, Taipei, Taiwan). The SAS-Luc cells (3 x 10 5 ) were injected into the tongue of nude mice. Bioluminescence imaging was done with an IVIS100 imaging system and performed as described previously [21] . The mice were randomly divided into groups of seven (n=7) and drug treatment was commenced three days after tumor implantation, a time when the orthotopically implanted tumors could be detected by the bioluminescence imaging in all mice. Drug treatment was administered by intra-peritoneal (i.p.) injection of MM1 (5 mg per Kg of mice) daily. The control group received injection of DMSO. The growth of implanted tumors was monitored by the IVIS imaging. After 31 days, all mice were sacrificed by CO 2 inhalation. The orthotopic tumors were excised, formalin fixed and paraffin embedded for immunohistochemistry (IHC) and routine hematoxylin and eosin (HE) staining. Animal experiments were performed under an approved protocol in accordance with the guidelines for the Animal Care Ethics Commission of Chang Gung Memorial Hospital (2016121301).
Immunohistochemistry (IHC) and hematoxylin-eosin (HE) staining
IHC and HE staining were performed as described previously [22] . The primary antibodies used for IHC staining were targeted against cleaved-caspase 3 (9546, Cell Signaling) or pSTAT3 (Tyr 705).
Statistics
Student's t-test was completed by the Statistical Package for the Social Sciences version 12.0 (SPSS, Inc.). Differences between the variables were considered significant for p values less than 0.05.
Results
MM1 displays increased cytotoxic activity than magnolol in OSCC cells cultured in vitro
The cytotoxic effects of MM1 and magnolol were examined in two OSCC cell lines, SAS and OECM1, using trypane blue staining method. As shown in Fig. 1B , MM1 displayed significantly increased cytotoxic activity than magnolol in both the SAS and OECM1 cells. The IC 50 of these two drugs are summarized in Table 1 . Consistent with the cytotoxic results, MM1 also displayed greater inhibition of clonogenic ability than magnolol in a highly malignant SAS cells (Fig. 1C) . Together, these results showed that MM1 exhibited greater cytotoxic effect than magnolol in OSCC cells. Fig. 2A , the motility of SAS and OECM1 cells treated with magnolol for 8 h or 16 h was not significantly reduced as compared to that of untreated cells. In contrast, the motility of SAS and OECM1 cells treated with MM1 for 16 h was significantly reduced as compared to that of untreated or magnolol-treated cells. After treatment of MM1 for 8 h, only the motility of OECM1 cells was significantly reduced as compared to that of untreated cells. Similarly, MM1 also displayed significantly greater inhibition of invasion than magnolol in both SAS and OECM1 cells, as shown by a Matrigel invasion assay (Fig. 2B) . Consistent with the greater ability of MM1 to inhibit invasion, we observed that the expression of vimentin, a mesenchymal marker, in MM1-treated cells was inhibited at a greater extent than that of magnolol-treated cells (Fig. 2C) . Under the same experimental condition, the expression of E-cadherin, a cell-cell adhesion marker, was not significantly affected in both MM1-treated or magnololtreated cells. 
Effects of magnolol and MM1 on apoptosis and IL6-STAT3 pathway in OSCC cells
The increased antitumor activity of MM1 has been shown to correlate with its increased ability to induce apoptosis in skin cancer cells [17] . In the same study, we have presented preliminary data to indicate that such a mechanism also apply to oral cancer cells SAS. To further confirm this postulate, we examined the effects of magnolol and MM1 to induce apoptosis in OECM1 cells. As shown in Fig. 3A , the cleavages of caspase-3, caspase-8, caspase-9, and PARP were readily detected in the cells treated with MM1, but not with magnolol. These results indicate that MM1 also displays a greater ability than magnolol to induce apoptosis in OSCC cells.
It has been suggested that the improved antitumor activity of MM1 in skin cancer cells may attribute to the upregulation of lncRNA GAS5 and the enhancement of apoptosis [17] . While we have observed that MM1 displays a greater ability than magnolol to induce apoptosis in OSCC cells (Fig. 3A ) [17] , however, we were not able to detect any upregulation of lncRNA GAS5 in MM1-treated OSCC cells (data not shown). To explore the potential mechanism for the enhanced apoptosis by MM1, we examined the effects of magnolol and MM1 on the STAT3-mediated signaling, since the STAT3-mediated signaling has been shown to be involved in OSCC proliferation, tumorigenesis and metastasis [23, 24] , and is known to be suppressed by magnolol [25, 26] . As shown in Fig. 3B , the levels of endogenous pSTAT3 (Tyr705) were reduced more in SAS and OECM1 cells treated with MM1 more than those treated with magnolol. To confirm that MM1 has greater inhibitory ability on STAT3-mediated signaling, we examined the effects of magnolol and MM1 on IL-6 stimulated STAT3-signaling. Cells were starved of serum for 24 h, incubated with magnolol or MM1 at 25-75 μM or DMSO for 1 h, and then treated with 10 ng/ml IL-6 for 
Antitumor effects of MM1 in vivo
The in vivo antitumor activities of MM1 were evaluated using a bioluminescent mice model of orthotopic implanted SAS cells. The luciferase-expressing SAS (SAS-Luc) cells retain the same sensitivity to MM1 as the parental SAS cells and their relative numbers could be evaluated by the expressed luciferase activity (Fig. 4 A and B) . To evaluate the antitumor activity of MM1 in vivo, the SAS-Luc cells were implanted into the tongue of nude mice. Mice were randomly separated into control and MM1 groups after 3 days of implantation, because the bioluminescence of orthotopic tumors could be readily detected in all mice at this time. MM1 treatment (5 mg per Kg of mice) was performed by intraperitoneal injection daily and the growth of implanted tumors was monitored by the IVIS imaging (once per week) until day 31. As shown in Fig. 4C and 4D , the progression of orthotopic tumors was not significantly suppressed in the MM1-treated mice for the first 10 days, but was greatly suppressed at later times in the MM1-treated mice at day 22. Importantly, the survival of untreated mice from the control-group was reduced to about 43% at day 31, while all of the MM1-treated mice remained viable (Fig. 4E ). Hematoxylin and eosin staining of orthotopic tumors from the control-group displayed higher cell density than that from the MM1-treated tumor (Fig. 4F) . Finally, immunohistochemistry staining for cleavage caspase 3 (clcaspase 3) and phosphorylation STAT3 at Tyr705 revealed that the MM1-treated tumors has enhanced staining of cl-caspase 3, but reduced staining of pSTAT3 at Tyr705, which are consistent with results of Western blot analysis in the cultured OSCC cells (Fig. 3) . Together, these results indicate that the MM1 suppressed the OSCC progression by inducing apoptosis and inhibiting STAT3 activation in vivo.
Discussion
Numerous signaling pathways have been implicated in the regulation of apoptosis by magnolol [27] . Magnolol triggers the release of Bid, Bax and cytochrome c from mitochondria, and induces apoptosis via a caspase-independent pathway in non-small cell lung cancer cells [7] . Induction of apoptosis by magnolol has been reported to mediate through caspaseindependent pathway and G2/M phase arrest in human breast cancer cells [9] , and through cytochrome c/caspase 3/PARP and PTEN/Akt pathways in thyroid carcinoma cells [28] . The regulatory pathways of MM1-induced apoptosis in different cancers, on the other hand, are poorly understood at present.
In this study, we have shown that MM1 displays greater cytotoxic activity against OSCC cells cultured in vitro as compared to that of magnolol (Fig. 1) . The greater cytotoxic activity of MM1 against OSCC cells appears to attribute, at least in part, to its greater activity to induce apoptosis (Fig. 3A) , which is similar to that observed for the improved antitumor activity of MM1 against skin cancer cells [17] . However, the molecular basis for the improved antitumor activity of MM1 against these two types of cancer cells may not be the same. While we have previously reported that the improved antitumor activity of MM1 against skin cancer cells is associated with its greater activity to up-regulate the expression of lncRNA GAS5 and to induce apoptosis [17] , we were not able to detect increased expressions of lncRNA GAS5 in MM1-treated OSCC cells. Instead, MM1 appeared to display a greater ability than magnolol to inhibit STAT3 signaling (Fig. 3) , the major driver pathway in OSCC proliferation, tumogenesis and metastasis [23, 24] . Therefore, we are inclined to conclude that the improved anti-tumor activity of MM1 is attributed to its greater activity to inhibit STAT3 signaling in OSCC cells.
We have previously shown that MM1 displays antitumor activity against xenograft skin tumors in nude mice [17] . As the results from present work indicate that MM1 also displayed greater antitumor activity than magnolol against cultured OSCC cells, we chose to only examine the in vivo antitumor effects of MM1 on OSCC cells to minimize the use of animals.
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Here, we presented evidence that MM1 is also an effective antitumor agent against OSCC in vivo (Fig. 4) . Consistent with the findings from our in vitro studies, the antitumor activity of MM1 in vivo is shown to associate with its activity to inhibit STAT3 signaling and to induce apoptosis in the orthotopic implanted SAS cells (Fig. 4G ). High vimentin expression is known to associate with the STAT3 activation and metastatic risk of head and neck squamous cell carcinoma patients, including OSCC [29] [30] [31] . In this study, we have shown that MM1 also displayed greater ability to suppress invasion, migration, and vimentin expression than magnolol in OSCC cells (Fig. 2) . Therefore, it is anticipated that MM1 could bear improved anti-metastasis activity than magnolol in OSCC. Further in vivo studies are needed to test the validity of this postulate.
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